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Spring wheat (Triticum aestivum L., cv. Minaret) was grown to maturity in open-top
chambers under two concentrations of CO2 (ambient and 680 µmol/mol) and two con-
centrations of O3 (ambient and ambient +90 nmol/mol). Elevated concentrations of
CO2 increased grain yield whereas yield was reduced by elevated O3. The damaging
effect of elevated O3 on grain yield was reduced when the crop was grown in a combi-
nation of elevated CO2 and elevated O3. It is concluded that wheat production in
Ireland is expected to benefit from rising concentrations of atmospheric CO2.
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Introduction 
The concentrations of both carbon diox-
ide (CO2) and ozone (O3) in the atmos-
phere have increased significantly since
pre-industrial times, due to human activi-
ty, and are predicted to continue to rise in
the future (IPCC, 2001). Both these gases
have very strong global warming potential
and are referred to as greenhouse gases.
In general, an increase in the concentra-
tion of CO2 in the atmosphere, from its
present day value of ~360 µmol/mol to
something close to 700 µmol/mol by the
end of this century, will be beneficial to
agricultural C3 crops, increasing yields by
approximately 30% (Kimball, 1983). Yield
of spring wheat has been shown to incr-
ease in elevated CO2 through an increase
in number (Mulholland et al., 1997;
McKee, Bullimore and Long, 1997) and
weight (McKee et al., 1997) of individual†Corresponding author: Alison.Donnelly@tcd.ie
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grains or through an increase in the num-
ber of flowering tillers (Fangmeier et al.,
1996). The increase in grain yield is
brought about by an enhanced rate of
photosynthesis which provides increased
photoassimilate for grain development.
Concentrations of O3 in the tropo-
sphere have more than doubled during
the past 100 years and are predicted to
continue to increase (Hough and Derwent,
1990). In contrast to the apparent benefi-
cial effects of elevated atmospheric CO2
on grain yield, elevated concentrations of
O3 have been shown to reduce growth and
yield of agricultural crops (Heck et al.,
1983; Finnan, Jones and Burke, 1996;
Donnelly et al., 1999).
In the natural environment, elevated
concentrations of CO2 and O3 occur in
combination so that their interactive
effects require further investigation. Some
researchers have suggested that elevated
CO2 provides protection against O3 dam-
age to wheat (Heagle, Miller and Pursley,
2000) while others have reported that ele-
vated CO2 enhanced the damaging effects
of O3 (Mulholland et al., 1997; McKee
et al., 1997) or that there is no interaction
between CO2 and O3 (Barnes, Olleren-
shaw and Whitfield, 1995; and Donnelly
et al., 1999). One explanation for a protec-
tive effect of elevated CO2 has been that,
due to reduced stomatal closure in elevat-
ed CO2, the effective dose of O3 entering
the leaf is reduced (Allen, 1990; McKee,
Farage and Long, 1995).
Wheat is the leading cereal produced,
consumed and traded in the world and
provides more food for people than any
other source (Olseon, 1994). In Ireland,
wheat constitutes more than 30% of the
land under cereal production, covering an
area of more than 100,000 ha (CSO, 2004).
Total wheat production in Ireland was
867,000 tonnes in 2002. Due to the signifi-
cance of wheat both as an economically
important crop and as a food product, it is
important to understand how it will
respond to inevitable changes in future
atmospheric conditions.
Materials and Methods
Growing conditions and carbon dioxide
and ozone treatments
Spring wheat (Triticum aestivum L. cv.
‘Minaret’) was grown to maturity in open-
top chambers (OTCs), at Oak Park Re-
search Centre, Carlow. The chambers
were 2.8 m in height and 3 m in diameter.
On 27 March 1997, seeds of spring wheat
were sown at a spacing of 5 cm into pots
with a diameter of 45 cm and a depth of 65
cm containing 100 L of seed compost
(Westland John Innes). The base of each
pot was perforated to allow for drainage
and placed in a greenhouse for 2 weeks
after sowing. The number of plants per
pot was reduced from 45 to 42 before
being transferred into the OTCs.  Six pots
were placed in each OTC. Each pot was
sunk into the soil to prevent solar heating
of the root area. The crop was treated
with an aphicide (Sumialpha, Cyanamid)
and a fungicide (Fortress, Zeneca; active
ingredient: quinoxyfen) on two occasions
(29 April and 13 May). The pots were irri-
gated on a daily basis to prevent water
stress. Fertiliser was applied at a rate of
150 kg N (as calcium ammonium nitrate),
P (as super phosphate) and K (as muriate
of potash) per hectare. Treatments con-
sisted of two carbon dioxide (CO2) con-
centrations consisting of ambient (~350
µmol/mol) and elevated (~680 µmol/mol),
and two ozone concentrations consisting
of ambient (~20 nmol/mol) and elevated
(ambient + 90 nmol/mol). Exposure to
both gases was season long (23 April to 8
August) with elevated CO2 being supplied
continuously and elevated O3 being sup-
plied 7 h/day for 5 days per week. A total
of 12 OTCs was used in the experiment
allowing for all combinations of CO2 and
O3, with three replicates.
Grain yield
Final harvest was carried out on 8 August
1997. The ears from each sample were
threshed by hand at final harvest (134 days
after sowing). The number of ears per
plant, the number of grains per ear and
the number of grains/m2 were determined.
The 1000-grain weight and hectolitre
weight were determined on grains before
drying. The grain yield was determined
after oven drying at 70 oC for 72 h.
Statistical analysis
The experiment was based on a ran-
domised 2-factorial (CO2 and O3) design
with three replicates (each OTC was a
replicate). All variables were statistically
analysed by analysis of variance. 
Results
Climate and CO2 and O3 concentrations
The average seasonal values for mean
daily temperature and radiation were
14.1 oC and 12.96 MJ/m2, respectively. The
corresponding 20-year average values
were 13.1 oC and 12.96 MJ/m2. The daily
mean for ambient O3 concentration varied
from 10 to 58 nmol/mol and the seasonal
average was 24 nmol/mol. The seasonal
average O3 concentration from the elevat-
ed O3 treatment was 48 nmol/mol. The 24-
h seasonal mean CO2 concentration dur-
ing the growing season was 366 µmol/mol
for the ambient treatment and 681
µmol/mol for the elevated-CO2 treatment. 
The accumulated ozone exposure above
a threshold of 40 nmol/mol (AOT 40;
Fuhrer, 1994) was 5725 nmol/mol h for
the ambient-O3 treatment and 51198
nmol/mol h for the elevated-O3 treatment
for the growing season. 
Grain yield 
At final harvest, elevated CO2 produced
an overall increase in grain yield, 1000-
grain weight, number of ears and number
of grains (P < 0.01, P < 0.05, P < 0.05 and
P < 0.01, respectively; Table 1). Elevated
CO2 had no effect on the number 
of grains per ear or on the hectolitre
weight. Elevated O3 significantly (P < 0.05)
reduced all yield components except the
number of ears and hectolitre weight
(Table 1). Elevated O3 caused an overall
reduction in both grain yield and the 1000-
grain weight. There was an interaction
between the effect of elevated CO2 and
elevated O3 reflecting the fact that the
reduction in the 1000-grain weight due to
O3 was evident in ambient CO2 but absent
in elevated CO2 (P < 0.05; Table 1).
Discussion
In this experiment the increase in grain
yield per unit area at elevated CO2 was the
result of an increase in the weight of indi-
vidual grains combined with a greater
number of grains. The increased number
of grains per unit area resulted from an
increase in the number of ears rather than
an increase in the number of grains per
ear. Similarly, previous work has shown
that increases in yield at elevated CO2 can
be the result of an increased number of
flowering tillers, an increased number of
grains per ear or a combination of these fac-
tors (Fangmeier et al., 1996; Mulholland
et al., 1997; McKee et al., 1997; Donnelly
et al., 1999).
In contrast to the beneficial effects of
elevated CO2 on yield, elevated O3
decreased grain yield as a consequence of
poor grain filling and a reduction in the
number of grains produced. The reduc-
tion in the number of grains/m2 was a
result of a decrease in the number of
grains per ear rather than a decrease in
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the number of ears/m2. These results are
similar to those of Pleijel et al. (1991),
Finnan et al. (1996) and Donnelly et al.
(1999) who showed that increasing con-
centrations of O3 reduced grain yield as a
result of smaller grain size and/or number
of grains/m2. In this experiment, both ele-
vated CO2 and elevated O3 affected the
number of grains/m2 in different ways.
Elevated CO2 increased the number of
tillers and hence the number of grains
whereas O3 reduced the number of grains
per ear without having an effect on the
number of tillers.
Heagle et al. (2000) reported a reduc-
tion in grain yield of winter wheat, attrib-
uted to elevated O3, in ambient CO2 but
not in elevated CO2. Although there was
no statistically significant interaction
between CO2 and O3 for grain yield in the
present experiment, elevated CO2 fully
compensated for the decrease in 1000-
grain weight at elevated O3. Therefore,
according to this experiment, under future
climatic conditions O3 will be less harmful
to grain weight than at current concentra-
tions of atmospheric CO2.
In conclusion, elevated CO2 produced
larger grains and more of them, whereas
elevated O3 produced lighter and fewer
grains. This experiment has therefore
demonstrated that the overall effect of
increasing concentration of CO2 will be
positive for wheat production in Ireland
although this can be reduced markedly by
elevated O3. However, elevated CO2 can
be seen as protecting some yield compo-
nents from the damaging effects of O3.
This research could be further developed
by investigating the interaction between
elevated CO2 and sporadic peak concentra-
tions of O3 at critical growth phases, such
as anthesis, with respect to grain yield. 
Acknowledgements
This work was funded by the EU Environmental and
Climate Programme, Contract No. EV5V-CT93–0301.
144 IRISH JOURNAL OF AGRICULTURAL AND FOOD RESEARCH, VOL. 44, NO. 1, 2005
Ta
bl
e 
1.
 T
he
 e
ff
ec
ts
 o
f 
el
ev
at
ed
 C
O
2
an
d 
el
ev
at
ed
 O
3
on
 g
ra
in
 y
ie
ld
, 
10
00
-g
ra
in
 w
ei
gh
t, 
nu
m
be
r 
of
 e
ar
s,
 n
um
be
r 
of
 g
ra
in
s 
an
d 
he
ct
ol
it
re
 w
ei
gh
t 
of
 s
pr
in
g 
w
he
at
 a
t 
ha
rv
es
t 
C
on
ce
nt
ra
tio
n 
of
M
ea
n 
(±
 s
.e
.)
 fo
r
C
O
2
O
3
G
ra
in
 y
ie
ld
10
00
-g
ra
in
E
ar
s/
m
2
G
ra
in
s/
ea
r
G
ra
in
s/
m
2
H
ec
to
lit
re
(µ
m
ol
/m
ol
)
(n
m
ol
/m
ol
)
(g
/m
2 )
w
ei
gh
t (
g)
(n
o.
)
(n
o.
)
(n
o.
)
w
ei
gh
t (
kg
/l)
36
61
24
2
27
70
 ±
 3
01
.8
42
.5
 ±
 2
.7
5
16
56
 ±
 1
70
.9
39
.6
 ±
 1
.6
1
65
07
3 
±
 4
33
4.
4
81
.9
 ±
 1
.5
8
68
1
24
2
35
05
 ±
 2
50
.6
42
.9
 ±
 0
.3
8
19
31
 ±
 2
67
.2
43
.0
 ±
 3
.3
0
81
73
2 
±
 5
12
9.
5
79
.3
 ±
 0
.0
2
36
61
48
15
87
 ±
 2
9.
4
32
.0
 ±
 2
.0
2
14
54
 ±
 3
3.
4
34
.3
 ±
 1
.4
2
49
88
6 
±
 2
46
0.
0
75
.2
 ±
 3
.5
0
68
1
48
29
84
 ±
 3
0.
7
43
.1
 ±
 1
.9
4
20
96
 ±
 1
65
.2
33
.5
 ±
 2
.2
0
69
59
2 
±
 3
46
1.
0
81
.8
 ±
 0
.8
0
F
-t
es
t f
or
 
C
O
2
ef
fe
ct
**
*
*
**
O
3
ef
fe
ct
*
*
*
*
In
te
ra
ct
io
n
*
1 A
m
bi
en
t C
O
2
co
nc
en
tr
at
io
n.
2 A
m
bi
en
t O
3
co
nc
en
tr
at
io
n.
References
Allen, L.H. 1990. Plant response to rising carbon
dioxide and potential interactions with air pollu-
tants. Journal of Environmental Quality 19: 15–34.
Barnes, J.D., Ollerenshaw, J.H. and Whitfield, C.P.
1995. Effects of elevated CO2 and/or O3 on growth,
development and physiology of wheat (Triticum
aestivum L).  Global Change Biology 1: 101–114.
CSO (Central Statistics Office). 2004. Agricultural
Statistics.
Donnelly, A., Jones, M.B., Burke, J.I. and
Schnieders, B.J. 1999. Does elevated CO2 protect
grain yield of spring wheat from the effects of
ozone stress?  Z. Naturforch 54c: 802–811.
Fangmeier, A., Gruters, U., Vermehren, B. and
Jäger, H.-J. 1996. Response of some cereal culti-
vars to CO2 enrichment and tropospheric ozone
at different levels of nitrogen supply. Vereinigung
für Angewandte Botanik, Göttingen 70: 12–18.
Finnan, J.M., Jones, M.B. and Burke, J.I. 1996. A
time-concentration study on the effects of ozone
on spring wheat (Triticum aestivum L.) I. Effects on
yield. Agriculture, Ecosystems and Environment
57: 159–167.
Fuhrer, J. 1994. The critical level for ozone to protect
agricultural crops – an assessment of data from
European open-top chamber experiments. In:
‘Critical Levels for Ozone – A UN-ECE Workshop
Report’ (ed. J. Fuhrer and B. Achermann), Swiss
Federal Research Station for Agricultural
Chemistry and Environmental Hygiene, Liebefeld-
Bern, Switzerland, pages 42–57.
Heagle, A.S., Miller, J.E. and Pursley, W.A. 2000.
Growth and yield responses of winter wheat to
mixtures of ozone and carbon dioxide. Crop
Science 40: 1656–1664.
Heck, W.W., Taylor, O.C., Adams, R., Bingham, G.,
Miller, J. Preston, E. and Weinstein, L. 1983.
Assessment of crop loss by ozone.  Journal of the
Air Pollution Control Association 32: 353–361.
Hough, A.M. and Derwent, R.G. 1990. Changes in
the global concentration of troposoheric ozone
due to human activities. Nature 344: 645–648.
IPCC. 2001. Climate Change 2001: The Scientific
Basis. Contribution of Working Group 1 to the
Third Assessment Report of the Inter-
governmental Panel on Climate Change. (ed. J.T.
Houghton, Y. Ding, D.J. Griggs, M. Noguer, P.J.
van der Linden, X. Dai, K. Maskell and C.A.
Johnson), Cambridge University Press, Cambridge,
UK.
Kimball, B.A. 1983. Carbon dioxide and agricultural
yield: an assemblage and analysis of 430 prior
observations. Agronomy Journal 75: 779–782.
McKee, I.F., Farage, K.P. and Long, S.P. 1995. The
interactive effects of elevated CO2 and O3 con-
centration on photosynthesis in spring wheat.
Photosynthesis Research 45: 111–119.
McKee, I.F., Bullimore, J.F. and Long, S.P. 1997.
Will elevated CO2 concentrations protect the
yield of wheat from O3 damage? Plant, Cell and
Environment 20: 77–84.
Mulholland, B.J., Craigon, J., Black, C.R., Colls,
J.J., Atherton, J. and Landon, G. 1997. Effects of
elevated carbon dioxide and ozone on the growth
and yield of spring wheat (Triticum aestivum L.).
Journal of Experimental Botany 48 (306):
113–122.
Oleson, B.T. 1994. World wheat production, utilisa-
tion and trade. In: ‘Wheat Production, Properties
and Quality’ (ed. W. Bushuk and V.F. Rasper),
Chapman and Hall, pages 1–12.
Pleijel, H., Skarby, L., Wallin, G. and Sellden, G.
1991. Yield and grain quality of spring wheat
(Triticum aestivum L. cv. Drabant) exposed to dif-
ferent concentrations of ozone in open-top field
chambers. Environmental Pollution 69: 151–168.
Received 24 June 2004
DONNELLY ET AL.: GREENHOUSE GASES AND WHEAT YIELD 145
